This series of two papers focuses on the determination and clarification of the characteristics of the forced response of bladed disks that exhibit a mistuning pattern that is either harmonic or partial. Harmonic mistuning refers to single wavelength variations in structural properties along the disk while partial mistuning is associated with blade characteristics that are random in a specific sector and tuned elsewhere. The results of this analysis demonstrate that many features of the response of these simple systems match not only qualitatively but also quantitatively their counterparts on randomly mistuned bladed disks. Relying on these similarities, simple and reliable approximations of the localization factor and of the mean response are easily derived that exemplify the usefulness of harmonic and partial mistuning patterns. Finally, it is demonstrated both theoretically and by comparison with simulation results that the maximum amplitude of response of a disk closely follows a Weibull-type distribution in all coupling situations, from very weak to very strong.
INTRODUCTION
The investigation of the effects of mistuning, i.e. of blade-to-blade variations in their geometry and structural properties that occur during the manufacturing process and/or as a consequence of inservice wear, has been ongoing for more than thirty years. These efforts have resulted in a large number of publications (see for example the works of Whitehead, 1966; Ewins, 1969, etc.) in which many qualitative and quantitative aspects of this problem have been clarified. The unpredictability of the exact properties, e.g. stiffnesses, masses, damping coefficients, of the blades of actual turbomachines has often led to the modeling of these structural characteristics as random variables with specified distributions and moments. The assessment of the damaging effects of mistuning then requires the determination of the probabilistic features of the forced response of these random disks, i.e. moments Although these two techniques are quite different from a formulation point of view, they both provide "an approximate solution of the exact problem" with specific limitations. For example, perturbation methods have been found to yield different representations of the forced response in different ranges of values of the coupling strength between blades. On the contrary, the accuracy of Monte Carlo methods depends only slightly, if at all, on the specific values of the parameters of the problem but it does not provide any functional dependence, even approximate, of the features of the response on these parameters.
In this light, the present investigation can be considered a dual of earlier perturbation and Monte Carlo simulation studies since it focuses on obtaining "the exact solutions of approximate problems". Specifically, the exact forced response will be derived for two types of mistuned bladed disks, i.e. those whose structural properties vary harmonically around the disk (harmonic mistuning) and those which are tuned except for a few consecutive blades the properties of which vary randomly (partial mistuning) . Interestingly, harmonic mistuning has already been considered in a few bladed disk analyses (see for example Valero and Bendiksen, 1986 , and, for alternate mistuning, Kielb and Kaza, 1984; Kaza and Kielb, 1985) , but only as an example of a mistuning pattern, not as a basis to thoroughly elucidate the effects of the localization phenomenon as is intended here. Specifically, both harmonic and partial mistuning and their corresponding forced responses will be related to the more standard case of a randomly mistuning bladed disk to provide new insights into the prediction of their forced response thereby complimenting perturbation and simulation analysis results.
STRUCTURAL DYNAMIC MODELING
For simplicity of the analysis, the one-degree-offreedom per blade model shown in Fig. will be adopted in the sequel to represent the bladed disk. Previous investigations of this system (Sinha, 1986; Sinha and Chen, 1989; Wei and Pierre, 1988; Mignolet and Lin, 1993; 1996; Lin and Mignolet, 1997) have shown that this simple model does exhibit the high sensitivity of the forced response with respect to small fluctuations in the blade stiffnesses (k..) that is characteristic of mistuning.
Following previous investigations (Sinha, 1986;  FIGURE One degree-of-freedom per blade bladed disk model. Sinha and Chen, 1989) Ab -r.
The forced response of thejtb blade will be sought in the form Xi(t) je i(t+(j-')/xv') j 1,2,..., N, 
where &#-kj-kt. The solution of this equation must be obtained with the periodicity conditions J0 JN and 2, 2N+1.
Before studying some of the characteristics of the response of this mistuned system, it is appropriate to first obtain the basic features of its tuned 
To gain insight into the effects of the small Fourier coefficients/3, on the forced response, a straightforward perturbation analysis has been carried out assuming that ,<<kc, cco. Accordingly, the forced response of the jth blade can be written in the form 1coo 1coo
to first order in the small coefficients /3,. Note from the above relation that the effect of the mistuning harmonic of order s,/3s, is modulated by the inverse of term icco+2kc(cos(2rcr/N)-cos(2rr(r-s)/N)). When the coupling stiffness is much larger than the damping term coo, it is seen that the summation is dominated by the terms corresponding to s 0 and s 2r which yield contributions of the order of 1/icco.
This result can be explained physically as follows.
The engine order excitation, Eqs. (2)- (4), is in fact a resonant traveling wave which would create on a tuned bladed disk a response of the same form,
i.e. given by Eq. (5) higher peaks at s 4, 6, and 8 (N/6, N/4, and N/3) and a reduced one at s--12 (N/2). From the above sets of observations, it is concluded that the strong localization due to damping leads to a response which is most sensitive to the shortest wavelength fluctuations in the structural properties. Strong localization that is mostly generated by mistuning leads to a special sensitivity of the response with respect to the discrete set of wavelengths that are integer divisors of the number of blades in the disk. Moreover, the sensitivity of the response is largest for the smallest divisors.
This observed evolution, with changing coupling stiffness, of the characteristics (harmonics) of the mistuning pattern that are most dominant in the forced response of the disk closely parallels the findings of a recent investigation by Lin and Mignolet (1997) . Specifically, it was demonstrated in that study that the largest modal contributions in the response of the system are associated with the modes of the tuned system whose natural frequencies are closest to the excitation frequency when the coupling stiffness is large. Further, as this parameter decreases, the number of modes that have a strong presence in the distribution of the blade amplitudes increases. Finally, similar observations were also found to hold in the weakly coupling limit kc << cw provided that the modes of the uncoupled system are used.
In this earlier paper, these findings were then used to formulate a novel adaptive perturbation strategy in which the dominant modal contributions were accurately computed while the remaining ones were approximated. The excellent results obtained with this approach and the similarities between this study and the present investigation suggest reformulating the governing equation for the response of the system, Eq. (6) The above findings demonstrate that there exists a deep rooted duality between mistuning and coupling: the connection between the response of neighborhooding blades is provided by the structural coupling while mistuning links their Fourier components, or equivalently the modes of the tuned system. This observation provides new insight into the successes achieved with the adaptive perturbation technique (Lin and Mignolet, 1997) . That is, when the coupling is strong, the response is localized to a few modes of the tuned system and a very reliable approximation of the amplitudes can be obtained by including a few modal components. On the contrary, when the coupling is weak, the response is localized to a few blades and the modes of the decoupled system clearly represent the dynamics of the system.
SUMMARY
In this first paper, the exact characteristics of harmonically mistuned bladed disks have been investigated to provide phenomenological insights into the effects of full random mistuning on the response of these systems. The contributions of this part of the investigation can be summarized as follows.
(1) The features of the mistuning pattern that most seriously affect the resonant forced response have been highlighted and their dependency on the level of blade-to-blade coupling has been elucidated. In particular, it was demonstrated that strongly coupled bladed disks are especially sensitive to harmonic fluctuations in the structural properties of the blades that correspond to a wave propagating in the tuned system at the same frequency as the excitation but in the reverse direction (backward wave). As the level of coupling is reduced, the preeminence of this Fourier component is reduced and the short wavelength harmonics of, the mistuning pattern produce increasing fluctuations of the response of the disk.
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(2) The presence of strong localization effects created by a small level of structural damping (1% of critical) has been demonstrated for the first time and the differences between the forced responses of bladed disks strongly localized primarily by damping or by mistuning have been presented. Specifically, it was concluded that the strong localization due to damping leads to a response which is most sensitive to the shortest wavelength fluctuations in the structural properties. Strong localization that is mostly generated by mistuning leads to a special sensitivity of the response with respect to the discrete set of wavelengths that are integer divisors of the number of blades in the disk.
Moreover, the sensitivity of the response is largest for the smallest divisors.
(3) The level of blade-to-blade coupling and the strength of mistuning were shown to play dual roles of each other. Specifically, the connection between the response of neighborhooding blades is provided by the structural coupling while mistuning links their Fourier components, or equivalently the modes of the tuned system. This observation indicates that when the coupling is strong, the response is localized to a few modes of the tuned system and a very reliable approximation of the amplitudes can be obtained by including a few modal components. On the contrary, when the coupling is weak, the response is localized to a few blades and the modes of the decoupled system clearly represent the dynamics of the system.
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